Guanylate cyclase-activating protein-2 (GCAP-2) is a retinal Ca 2+ sensor protein. It plays a central role in shaping the photoreceptor light response and in light adaptation through the Ca 2+ -dependent regulation of the transmembrane retinal guanylate cyclase (GC). GCAP-2 is N-terminally myristoylated and the full activation of the GC requires this lipid modification. The structural and functional role of the N-terminus and particularly of the myristoyl moiety is currently not well understood. In particular, detailed structural information on the myristoylated N-terminus in the presence of membranes was not available. Therefore, we studied the structure and dynamics of a 19 amino acid peptide representing the myristoylated N-terminus of GCAP-2 bound to lipid membranes by solid-state NMR. 13 C isotropic chemical shifts revealed a random coiled secondary structure of the peptide. Peptide segments up to Ala 9 interact with the membrane surface. Order parameters for Cα and side chain carbons obtained from DIPSHIFT experiments are relatively low, suggesting high mobility of the membraneassociated peptide. Static 2 H solid-state NMR measurements show that the myristoyl moiety is fully incorporated into the lipid membrane. The parameters of the myristoyl moiety and the DMPC host membrane are quite similar. Furthermore, dynamic parameters (obtained from 2 H NMR relaxation rates) of the peptide's myristic acid chain are also comparable to those of the lipid chains of the host matrix. Therefore, the myristoyl moiety of the Nterminal peptide of GCAP-2 fills a similar conformational space as the surrounding phospholipid chains.
Introduction
The guanylate cyclase-activating proteins (GCAPs) are neuronal Ca 2+ sensors (NCS) and belong to the super family of four EF-hand Ca 2+ -binding proteins. A common feature of all NCS proteins is that their first EF-hand is not able to bind Ca 2+ due to a conserved proline residue in the loop region of the EF-hand [1] . In GCAPs all the remaining EF-hands bind Ca 2+ ions. The human genome encodes for at least three GCAP isoforms (GCAP1-3) [2] [3] [4] [5] [6] , which are expressed only in the retina [7] . GCAP-1 and GCAP-2 are present in rod as well as in cone photoreceptor cells, whereas GCAP-3 is only expressed in cones [8] . GCAP-1 and GCAP-2 play a central role in light adaptation during phototransduction through the Ca 2+ -dependet regulation of retinal guanylate cyclases (GCs).
GCAP-1 and GCAP-2 undergo a Ca 2+ -level dependent "activatorinhibitor" transition. They inhibit both isoforms of the retinal guanylate cyclase (GC-1 and GC-2) at high Ca 2+ concentrations typical for the dark state and activate them when the Ca 2+ level decreases after phototransduction. Each GCAP is able to activate GC-1 and GC-2, so the individual role of each GCAP isoform is not yet fully understood [9] . The Ca 2+ affinities for GCAP-1 and GCAP-2 are within the physiological range but only at intracellular concentrations of Mg 2+ . Because of the about seven-fold different Ca 2+ -binding affinities for the GC activation of GCAP-1 compared to GCAP-2, a "Ca 2+ relay" model, in which both GCAPs would be required to function over the physiological range of Ca 2+ concentration, was proposed. This joint action would lead to an expanded response range without losing the sensitivity-based cooperative effect of the Ca 2+ binding on the GC regulation [10] .
Like most other NCS proteins, GCAPs are N-terminally acylated [11] . N-terminal fatty acylation is the covalent attachment of a myristic acid or related fatty acids to the α-amino group of an Nterminal glycine through an amide bond. N-terminal fatty acylation is carried out cotranslationally by the myristoyl-CoA/protein N-myristoyltransferase (E.C.2.3.1.97), also known as N-terminal myristoyltransferase [12] [13] [14] . In tissues other than the retina, the proteins are homogenously acylated by myristic acid; therefore, the lipid modification is often referred to as N-terminal myristoylation. However, in photoreceptor cells modified proteins are heterogeneously acylated; for bovine GCAP an amount of 13% lauric acid (12:0), 7% myristic acid (14:0) and 30% 5-cis-tetradecenoic acid (14:1n-9) and 50% 5-cis,8-cistetradecadienoic acid (14:2n-6) was found [11] . Comparative studies between myristoylated and nonmyristoylated GCAPs revealed differences in GCAP-1 and GCAP-2. Whereas myristoylation of GCAP-2 has no influence on the affinity for the GC-1, GCAP-1 shows a seven-fold higher affinity to the GC-1 in the myristoylated state [15] .
Even though myristoylation is not required for GC activation, the myristoylated forms are more effective activators of the GC [16] . In fact, the structural and functional role of the N-terminus and particularly of the myristoyl moiety is not well understood. The main reason is a lack of structural information. Currently, the structure of Ca 2+ -bound nonmyristoylated GCAP-2 (solved by solution NMR spectroscopy) is available [1] , as well as the crystal structure of GCAP-3 [17] . Recently, the first structure of a myristoylated GCAP (Ca 2+ -bound myristoylated GCAP-1) was solved by X-ray crystallography and revealed that the myristoyl moiety is completely buried within the N-terminal domain and has probably a structure stabilizing function [18] . Recent solution NMR data in the absence of lipid membranes appear to confirm this result [19] . But until today there is no structural information about any GCAP bound to, or at least in the presence of a membrane. That is because standard techniques for structural investigations like X-ray crystallography and solution NMR spectroscopy usually fail to resolve structural information in the membrane environment [20] . By contrast, solid-state NMR is capable of resolving structural information at least for membrane-bound peptides, as demonstrated for numerous examples in the past [21] [22] [23] [24] [25] [26] [27] [28] or recently for the lipid-modified Ras peptides [29, 30] .
With the limited set of structural data, the role of the myristoylation of GCAP remains speculative although a general membrane association of the protein is described [31] . From the structural information available so far, three major roles of the myristoylation of NCSs have been discussed [32] . First, the insertion of the myristoyl group into the lipid bilayer and its function as a membrane anchor. Second, an extrusion mechanism that exposes the myristoyl group upon Ca 2+ binding of the protein to either insert into the membrane or bind to and activate a target effector. Third, a protein structure stabilizing function of the myristoyl group, which is fully buried in a hydrophobic pocket of the protein [18] .
Clearly, more structural information is required to better understand the role of the myristoyl moiety of the GCAPs in the course of action of the protein. We have previously studied the structure and dynamics of the myristoyl lipid modification of the GCAP-2 protein bound to lipid membranes [33] . This study provided a first hint that the myristoyl chain is fully inserted into the membrane showing similar structure and dynamics as the surrounding phospholipids. Unfortunately, from this 2 H NMR study no information about the Nterminal amino acids in the direct vicinity of the myristoylation was available. For one reason, specific isotopic labeling of proteins with reasonable yields remains a large challenge in structural biology. On the other hand, fully 13 C/ 15 N-labeled membrane-associated proteins usually do not provide sufficient resolution and sensitivity for efficient solid-state NMR structure determination. Therefore, we have decided to continue our investigation of the structure and dynamics of membrane bound GCAP-2 using myristoylated N-terminal peptides. Indeed, in the last 15 years a number of studies have shown that that studies of lipidated peptides helped in understanding some of the open questions with regard to membrane binding of proteins via lipid chains [34] [35] [36] [37] [38] .
In the current paper, we present our data on the structure and the dynamics of a 19 amino acid peptide representing the myristoylated N-terminus of GCAP-2 bound to lipid membranes (DMPC liposomes) by solid-state NMR. We use a combination of methods to study (i) the secondary structure of several amino acids in the membrane bound peptide fragment; (ii) the interaction of the GCAP-2 molecule with the membrane; (iii) the amplitudes of molecular motions in these residues; and (iv) the structure and dynamics of the myristoyl moiety attached to the N-terminal Gly residue.
Material and methods

Materials
The glycerophospholipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine-1,1,2,2-d 4 -N, N,N-trimethyl-d 9 (DMPC-d 13 ), 1,2-dimyristoyl-d 54 -sn-glycero-3-phosphocholine (DMPC-d 54 ), and 1,2-dimyristoyl-d 54 -sn-glycero-3-phosphocholine-1,1,2,2-d 4 -N,N,N-trimethyl-d 9 (DMPC-d 67 ) were purchased from Avanti Polar Lipids (Alabaster, AL) and used without further purification.
Four myristoylated peptides with an amino acid sequence identical to the first 19 amino acids of GCAP-2 (myr-GQQFSWEEA EENGAV-GAAD) were synthesized using standard Fmoc solid phase peptide synthesis. The labeling pattern of the respective peptides is shown in Scheme 1.
Sample preparation
To prepare multilamellar vesicles (MLVs), the phospholipids were suspended in aqueous buffer solution (50 mM HEPES, 10 mM NaCl, pH 7.4). After 10 freeze-thaw cycles, the solution was extruded 10 times through two polycarbonate filters of 100 nm pore size (Millipore, Billerica) at 37°C using a LIPEX thermo stated extruder (Biomembranes, Vancouer, BC, Canada) [39] . The peptides were dissolved in the same buffer solution and added to the LUVs to obtain a final peptide to lipid molar ratio of 1:20. After incubation for at least 12 h with freezethaw cycles every 2 h the mixture was ultracentrifuged at 150,000 × g for 50 min. The resulting pellet was lyophilized and then rehydrated to a final water concentration of 35 % (w/v) with D 2 O or deuteriumdepleted water for the 1 H and 2 H NMR measurements, respectively. For equilibration, the sample was frozen, thawed, stirred and gently centrifuged several times. The supernatant from the ultracentrifugation was analyzed by standard protein determination assays. From the difference between the initial GCAP-2 concentration and the peptide concentration determined after centrifugation, the amount of bound peptide was determined.
13 C MAS NMR spectroscopy
All 13 C experiments were carried out on a Bruker Avance 750 NMR spectrometer operating at a resonance frequency of 749.8 MHz for 1 H and 188.5 MHz for 13 C. 13 C cross-polarization magic angle spinning (CP MAS) NMR spectra were acquired at (303 ± 0.1) K using a double resonance MAS probe equipped with a 4-mm spinning module. The 1 H and 13 C 90°pulse lengths were 4 and 5 μs, respectively, and a CP contact time of 700 μs was used. A MAS frequency of (7000 ± 2) Hz was maintained by the pneumatic control unit. For heteronuclear decoupling a TPPM15 pulse sequence with radiofrequency field strength of 65 kHz was applied during the detection period [40] . The 13 C chemical shifts were externally referenced to the Gly 13 CO signal (176.45 ppm relative to TMS) [41] .
Spin diffusion experiments were carried out using the published pulse sequence [42] . For this experiment, a GCAP-2 molecules with deuterated myristoyl chain and U-13 C/ 15 N labeled Gly 1 , Phe 4 , Ala 9 , and Val 15 was bound to a headgroup deuterated DMPC-d 13 membrane. In such a membrane, 1 H spin diffusion can only originate from the lipid chains or glycerol region since the deuterated lipid headgroup or D 2 O from the hydration shell are not excited by the first pulse on the 1 H channel. A long T 2 filter of 6 ms was applied to relax the single quantum coherences of the peptide. Spin diffusion times of 0, 50, 100, 200, 400, and 900 ms were probed. Data points were corrected for T 1 relaxation and normalized to the 900 ms value.
The 1 H-13 C heteronuclear correlation (HetCor) spectra [43] were measured using the same parameters as for 13 C CP MAS spectra. 1 H chemical shifts were referenced to the DMPC-glycerine-G2 protons at 5.31 ppm relative to TMS [44] . 13 C-13 C proton driven spin diffusion spectra [45] were acquired using a mixing time of 500 ms (all other parameters as above).
The strength of the 13 C-1 H dipolar couplings was measured using the constant time dipolar and chemical shift (DIPSHIFT) pulse sequence [46] . 1 H-1 H homonuclear decoupling was achieved by the MREV-8 sequence [47] using a decoupler field of 100 kHz. The MAS frequency was (5000 ± 2) Hz. All other parameters were identical to the 13 C CP MAS NMR measurements. The dipolar-induced signal decay is periodic with the rotor period, so it was only necessary to acquire the signal over one rotor period. The resulting spectra were only Fourier transformed in the direct dimension and the dipolar dephased signal for each resolved peak was extracted and simulated to obtain the dipolar coupling. Simulations were carried out as described in Hong et al. [48] . Powder averaging was performed in 1°increments for the α and β Euler angles.
C-H order parameters were determined by dividing the measured dipolar coupling by the rigid limit value for the C-H dipolar coupling. The rigid limit values were experimentally obtained from measurements of crystalline amino acid preparations: CH (Ala Cα, 11.5 kHz), CH 2 (Gly Cα, 12.8 kHz), and CH 3 (Ala Cβ, 18.0 kHz) [49] .
2 H solid-state NMR
All 2 H experiments were carried out on a Bruker Avance 750 NMR spectrometer operating at a resonance frequency of 115.1 MHz for 2 H. The 2 H NMR spectra were acquired at (303 ± 0.1) K with a phasecycled quadrupolar echo sequence [50] . The two 3 μs 2 H 90°pulses separated by a 60 μs delay and a recycle delay of 1 s were used. Prior to dePaking of the 2 H NMR spectra of the GCAP-2 peptide with a deuterated myristoyl moiety, a small isotropic fraction was subtracted from the NMR spectrum. The resulting 2 H powder spectra were dePaked using the algorithm of McCabe und Wassall [51] . Smoothed chain order parameters were calculated according to Lafleur et al. [52] . The Pake doublets were assigned to the carbons consecutively according to their increasing quadrupolar splitting.
The 2 H relaxation rates for the decay of Zeeman order (R 1Z : spinlattice relaxation rate) were measured using a phase-cycled inversionrecovery quadrupolar echo pulse sequence with 13 delays between 1 ms and 2.5 s and a relaxation delay of 2 s. All other parameters were the same as for recording the 2 H NMR spectra.
31 P NMR
All 31 P NMR spectra were measured using a DRX-600 NMR spectrometer (Bruker, Karlsruhe, Germany) operating at a 31 P resonance frequency of 242.8 MHz using a 5-mm double resonance solution NMR probe. A Hahn-echo pulse sequence with a 7 μs 90°p ulse, a delay of 50 μs between the pulses, a spectral width of 100 kHz and a relaxation delay of 2 s were used. Low-power broadband 1 H decoupling was applied during acquisition. To obtain the chemical shift anisotropy (Δσ) the resulting spectra were simulated using Mathcad 2001 (MathSoft Engeneering and Education, Cambridge, MA).
Results
31 P NMR spectroscopy
To confirm that the phospholipid membranes were in the liquid crystalline phase and that membrane binding of the peptide does not disturb the bilayer we measured 31 P NMR spectra of DMPC-d 54 in the presence and in the absence of GCAP-2 peptides (spectra not shown). For pure DMPC-d 54 MLVs, a value of Δσ = (46.4±1.0) ppm for the span of the axially symmetric 31 P tensor was obtained. In the presence of GCAP-2 peptides, Δσ remains unchanged (46.8±1.0 ppm). Obviously, membrane binding of the peptide does not disturb the liquid crystalline phase and the headgroup orientation and mobility of the DMPC membrane.
Structure and dynamics of the myristoyl moiety and the surrounding lipids of the host membrane
We used 2 H solid-state NMR to investigate the structure and the dynamics of the myristoyl moiety of GCAP-2 and the lipids of the surrounding membrane. As the host membrane, DMPC liposomes were chosen, this means that the lipid chain of GCAP-2 and the lipid chains of the membrane of the host matrix were identical. It has been demonstrated earlier that GCAP-2 shows a stronger binding to DMPC liposomes compared to mixed lipid membranes [33] . Although DMPC is not as physiologically relevant as unsaturated mixtures of lipids with varying headgroups, the 13 C NMR measurements of the current study necessitated the deuteration of the lipids, which is only available for DMPC.
To examine the influence of the peptide on the structure and dynamics of the host membrane, we studied DMPC-d 54 multilamellar liposomes in the absence and presence of GCAP-2 peptides. Furthermore, we made use of a GCAP-2 peptide with a deuterated myristoyl moiety incubated with nondeuterated DMPC liposomes to investigate the myristoyl moiety as well. The measured 2 H solid-state NMR spectra are shown in Fig. 1 . All spectra are well resolved showing the typical superposition of Pake doublets. The spectral width of about 30 kHz is comparable among all three spectra and typical for lipid chains in a liquid crystalline phase state. Interestingly, the myristoyl moiety also shows this characteristic NMR spectrum indicating that it is well incorporated into the DMPC membrane bilayer.
To analyze the spectra in more detail, smoothed order parameter profiles were calculated (Fig. 2) . Compared to pure DMPC-d 54 liposomes, the order parameters of DMPC-d 54 in the presence of GCAP-2 peptides were slightly lower. Somewhat lower order parameters were observed for the myristoyl moiety of the membrane bound GCAP-2 peptide. Whereas the biggest difference was observed in the middle of the chains, the order parameters are close at the top and at the bottom of the chains. All these results indicate that the myristoyl moiety is incorporated into the membrane bilayer and that the packing and the dynamics of these chains are rather similar to the surrounding lipids of the DMPC host membrane.
From the smoothed order parameter profiles the lengths (L C ⁎ ) of the myristoyl chains were calculated using the mean-torque model [53, 54] . For the myristoyl moiety of the GCAP-2 peptide incorporated into the membrane a chain length of 10.4 Å was found. For the DMPC, the chain length was 10.6 Å in the absence and 10.5 Å in the presence of GCAP-2 peptides.
We further investigate the dynamics of the lipid chains by measuring the Zeeman order 2 H NMR relaxation rates (R 1Z ) for each carbon position. Empirical studies revealed that the relaxation rate often exhibits a linear dependence on the square of the order parameter for saturated phospholipid membranes [55] . Fig. 3 shows such square law plots obtained for DMPC-d 54 liposomes in the presence and in the absence of GCAP-2 peptides as well as for the myristoyl moiety of GCAP-2. The square law plots are very similar for DMPC in the absence and presence of GCAP-2. The plot of the myristoyl moiety of GCAP-2 is also linear but shows a slightly steeper slope. Altogether, these results indicate that the flexibility of DMPC Fig. 1 . Note that the myristoyl moiety has a similar order profile indicating that its packing and dynamics are similar to the lipids of the DMPC host membrane. lipids is not influenced by the peptides; however, the myristoyl moiety of the membrane bound GCAP-2 peptide is slightly more flexible.
The secondary structure of membrane bound N-terminal GCAP-2 peptide
The 13 C isotropic chemical shift of Cα and Cβ atoms, especially the reference-independent difference Cα-Cβ is a sensitive marker for the secondary structure [56, 57] . So we investigated the secondary structure of membrane bound GCAP-2 peptides by measuring the 13 C CP MAS NMR spectra as shown in Fig. 4 . These spectra were excited via cross-polarization. Due to the choice of labeled amino acids, the assignment of the resolved peaks in the spectra could be done on the basis of literature values [58] .
To confirm the assignments of the 13 C NMR signals and to also obtain the structurally relevant peak assignment of the Hα signals, 1 H- 13 C HetCor experiments were carried out. A representative HetCor spectrum recorded without any homonuclear decoupling during the evolution of the 1 H chemical shift is shown in Fig. 5 . Additionally, the assignment of the Ser 5 Cα and Glu 10 Cα signals in Fig. 4A were checked by a 2D 13 C-13 C proton driven spin diffusion experiment (data not sown).
We studied the secondary structure of 10 amino acids of the GCAP-2 peptide scattered over the entire sequence. Table 1 summarizes the measured isotropic Hα, Cα, and Cβ chemical shifts and presents the predicted secondary structure. All chemical shifts are in agreement with random coil conformation of the membrane-associated peptide. With the only exception of Ser 5 Cα, we have not found any evidence for either α-helical or β-sheet conformation. Although not all residues in the sequence were subjected to the secondary structure analysis, the maximum information gap amounted to three consecutive residues. This is too little to assume that a secondary structure element was formed. Therefore, it is safe to conclude that the entire membrane-associated peptide assumed a random coil conformation. Peptide signals are assigned using the three letter code. Lipid signals that were not or insufficiently deuterated are also assigned. The peptide sequence and labeling schemes are also given. 13 C labeled amino acids were underlined and highlighted in bold letters. The number of scans for each 13 C NMR spectrum was 2048, 3072, and 1024 for A-C, respectively. 
Membrane interaction of GCAP-2 peptides
After establishing that membrane-associated GCAP-2 peptides assume a random coil structure in the membrane, we investigated whether the polypeptide chain was associated with the membrane or freely mobile in the aqueous phase. To this end, we used an experiment that exploits spin diffusion that originates in the lipid membrane and proceeds into the membrane-associated peptide [42] . A myristoylated GCAP-2 peptide was synthesized that featured 13 C isotopic labels at Gly 1 , Phe 4 , Ala 9 , and Val 15 and a deuterated myristoyl moiety. To ensure that 1 H spin diffusion would originate from the glycerol/phospholipid chains, we studied the peptide in a DMPC-d 13 membrane, which is deuterated in the headgroup, in the presence of D 2 O. Spin diffusion build-up curves from the membrane into the peptide as a function of mixing time are shown in Fig. 6 . For Val 15 , no intensity could be detected within experimental error, suggesting that the C-terminal part of the peptide is not in contact with the membrane. For the other labels (Gly 1 , Phe 4 , Ala 9 ), spin diffusion build up is detected indicating that these residues are in contact with the membrane interface region. Within experimental error, these spin diffusion build-up curves are rather similar suggesting that the amino acids up to residue 9 are in contact with the membrane. Given the quality of the experimental data, a more quantitative analysis of the spin diffusion results was not possible. As seen from Fig. 6 , the built up has not reached a plateau value after 900 ms. As suggested from the good resolution of the 1 H- 13 C HetCor experiments, the lipidated peptide is rather mobile on the membrane surface, which decreases the spin diffusion efficiency. Furthermore, molecular mobility reduces the efficiency of the short CP or Lee-Goldburg-CP, respectively. A relatively long T 2 filter time of 6 ms had to be used to fully relax the magnetization of the peptide, which further decreased the sensitivity of the experiment.
In spite of these technical difficulties, which prevented a quantitative analysis of the spin diffusion experiment, the interesting result emerged that the peptide segments at least up to Ala 9 must be in contact to the lipid membrane interface while the second half of the peptide is more localized in the aqueous phase.
Dynamics of membrane bound GCAP-2 peptides
The previous experiments suggested a high mobility of the membrane-associated GCAP-2 peptide. Therefore, we quantitatively studied the dynamics of the molecule at the membrane to gain further insight into the membrane binding of the amino acids adjacent to the myristoylation.
We used the DIPSHIFT pulse sequence to determine the strength of the 1 H-13 C dipolar couplings along the backbone and the side chains of the membrane bound GCAP-2 peptides. Fast anisotropic molecular motions partially average these couplings. This allows determining the spatial restriction of the motions of the C-H bond vectors, which can be expressed by an order parameter S that is defined as the ratio of the motional averaged and the full dipolar coupling. Fig. 7 shows the experimental order parameters for the membrane bound GCAP-2 peptide. The order parameters along the polypeptide chain do not show a conclusive increase or decrease along the polypeptide chain and are relatively low indicating that the membrane bound peptide undergoes large-amplitude molecular motions. For the Ala 14 Cβ and Ala 18 Cβ no order parameter could be determined because the signal intensity was too low. Also for Ser 5 Cβ, no order parameter could be obtained because the signal overlapped with the lipid G1 signal. Furthermore, the Glu 10 Cβ signal was influenced too strongly by the lipid C4-C11 signal to determine the order parameter correctly.
The order parameters obtained for the Cβ atoms are typically lower then for the neighboring Cα atoms, which indicates that the amplitude of motions increases along the side chains. An exception is the Phe 4 Cβ, which has a higher order parameter then its corresponding Cα site. Interestingly, the ring atoms show very low order parameters, which could be a result of fast two-site jump motions.
With the exception of Glu 10 , the Cα order parameters fall between ∼0.2 and 0.45. This would be in agreement that the entire polypeptide chain is located in the membrane surface/interface area. It is conceivable that the charged Glu residues are repelled from the Table 1 Isotropic chemical shifts for the Cα, Cβ, and Hα atoms (in ppm), difference of the chemical shifts (Cα-Cβ) and predicted secondary structure.
Cα
Cβ Cα-Cβ Hα Secondary structure Gly 1 43.8 ± 0.5 --4.1 random coil Phe 4 54.6 ± 0.5 37.1 ± 0.5 17.5 ± 0.5 4.6 random coil Ser 5 55.5 ± 0.1 62.2 ± 0.1 -6.7 ± 0.1 4.4 random coil / β-sheet Ala 9 50.4 ± 0.5 17.5 ± 0.1 32.9 ± 0.5 4.3 random coil Glu 10 54.5 ± 0.1 28.6 ± 0.1 25.9 ± 0.1 4.1 random coil Gly 13 43.3 ± 0.4 --4.0 random coil Ala 14 49.9 ± 0.4 17.0 ± 0.4 32.9 ± 0.4 4.4 random coil Val 15 60.6 ± 0.1 30.5 ± 0.3 30.1 ± 0.3 4.1 random coil Gly 16 43. surface due to Born repulsion, which could lead to somewhat higher molecular order.
Discussion
All members of the NCS protein family are myristoylated, however, the biological function of these covalently attached groups appears to vary [32] . Here, we have studied structure, dynamics, and membrane binding of a myristoylated peptide from the N-terminus of GCAP-2 using solid-state NMR spectroscopy. Although the intramolecular interactions within the GCAP protein are not represented, the advantage of using a peptide model is that all measurements could be carried out in the presence of lipid bilayer membranes, which was not the case in either the crystal or the solution NMR studies on GCAPs. While the structure of the soluble protein part would most likely not be influenced by membrane binding, an important question regards the myristoylation and the adjacent residues on the Nterminus of the protein. Since solution NMR or X-ray methods often fail for membrane-associated proteins, solid-state NMR was employed here. This methodology necessitated the use of shorter peptides for resolution and sensitivity reasons. Nevertheless, the lipid-modified membrane anchor of a protein can be treated rather independently from the soluble rest of the molecule. This is suggested from structural data for the Ras protein, which has demonstrated that lipidated peptides representing the membrane anchor of the molecule exhibit akin structural and dynamic features compared to the entire membrane-associated Ras protein [30, 34] . In particular, our data on the structure and dynamics of the myristoylation of the GCAP-2 peptide show a very similar structure and dynamics as found for the full-length protein [33] , which suggests that the results from the peptide model of the current study have relevance for the GCAP-2 protein. With this prerequisite we continued to study structure, membrane topology, and dynamics of the amino acids adjacent to the myristoylation of GCAP-2 in the membrane.
First, we investigated the secondary structure of a membrane bound N-terminal peptide of GCAP-2 (amino acids 1-19) by measuring the isotropic chemical shifts of the Hα, Cα, and Cβ atoms. Although the solution NMR structure of non-myristoylated GCAP-2 solved by Ames et al. [1] , shows a short α-helix in the N-terminal region (residues 7-11), we could not confirm any secondary structure in the N-terminal peptide of membrane bound GCAP-2 peptides. All measured 13 C chemical shifts predict a random coil conformation. Possibly, the α-helix is only formed when interactions with the rest of the protein occur or is induced by the solution condition in the absence of membranes. But strong interactions between the N-terminus of GCAP-2 and the rest of the protein seem to be unlikely considering the high flexibility of this protein segment shown in the solution NMR data [1] . Furthermore, the short α-helix in the N-terminal segment is not compatible with membrane binding. The amino acid sequence of this helix is Trp-Glu-Glu-Ala-Glu. In a helical wheel presentation, the negatively charged amino acids would point into all directions rendering the helix very hydrophilic. Such a helix can not bind to the membrane surface. Born repulsion between the fixed charges on the Glu residues and the membrane surface of low dielectric constant would repel this structural arrangement from the membrane [59] .
Second, the spin diffusion experiments conducted here suggest that the polypeptide chain at least until Ala 9 interacts with the membrane interface. This is in agreement with the absence of the short α-helix in the N-terminus of GCAP-2. Apparently, the myristoylation together with the hydrophobic sidechains (Phe, Trp) tie the peptide to the membrane surface where hydrogen bonds between the peptide backbone and the carbonyl and phosphate groups of the lipid molecules can be formed. In such a structural arrangement, the negatively charged sidechains of the Glu residues can point away from the membrane minimizing the energy penalty arising from Born repulsion. Typically, nonhydrogen bonded polypeptides cannot cross the membrane [60] , but the localization at the surface or in the lipidwater interface of the membrane offers various ways of interaction with polar and apolar lipid segments as well as hydrogen bond formation with the carbonyl and phosphate groups from the lipids. Such interactions can generate sufficient free energy for such a structural arrangement.
Third, we studied the molecular dynamics of the membraneassociated GCAP-2 peptide. These molecules are highly dynamic in the membrane environment as shown by the low order parameters. This high mobility expressed by low order parameters are also in agreement with a random coil conformation of the peptide and can explain the good resolution in the 1 H dimension of the 1 H-13 C HetCor experiments. Due to the high mobility, the dipolar couplings that broaden the 1 H NMR spectra are reduced and could efficiently average out by MAS. Low order parameters, i.e., high mobility was also found for the membrane-associated Ras protein, although this molecule features two lipid modifications [29, 61] . Apparently, membrane binding through covalently attached lipid chains also renders the peptide chain rather mobile as is the liquid crystalline lipid membrane.
Fourth, we investigated the structure and the dynamics of the myristoyl moiety of the membrane bound GCAP-2 peptide. Our results show that the myristoyl chain of the peptide is fully incorporated into the phospholipid bilayer, whereas the order parameter, the chain length, and the square law plot are comparable to the lipid chains of the DMPC host matrix. This confirms previous studies on the fulllength GCAP-2 protein [33] . This result also means that the N-terminal peptide segment is placed into the lipid water interface of the membrane, which is confirmed by our spin diffusion studies. This situation is for example also found in the Ras peptide [34] . Nonetheless, the lipid modifications of Ras were found to be more mobile than the lipid chains of the host matrix as a consequence of the chain length adaptation to the host membrane [54] . For the GCAP-2 peptide with its myristoyl moiety and a DMPC host matrix, there is no need for a largely altered mobility of the myristoyl moiety to match the average length of the host matrix. Consequently, we found that the mobility of the myristoyl moiety is comparable to the mobility of the DMPC lipid chains. Furthermore, all determined parameters concerning the structure and the dynamics of the myristoyl moiety of the peptide are in agreement with those for the myristoyl moiety of the whole GCAP-2 protein in DMPC membranes [33] .
Former studies on lipid modified peptides revealed that each methylene group of the lipid chain that partitions into a lipid membrane contributes −3.45 kJ/mol to the Gibbs free energy of the membrane binding [62] . The unitary Gibbs free energy for partitioning a lipid acid chain into n-heptane can be estimated by ΔG 0 u = (17.81 − 3.45 n C ) kJ/mol and also includes a term for the enthalpy penalty (17.81 kJ/mol) [62] . Using this model, for the myristic acid on the GCAP-2 peptide, a Gibbs free energy for membrane partitioning of ∼−27 kJ/mol arises. Together with the contribution from the highly hydrophobic Phe and Trp residues, a favorable free energy for membrane binding of ΔG 0 u ≈-40 kJ/mol is estimated. Following the simple model used by Vogel et al. [33] to understand the contribution of the myristoyl moiety to the membrane binding of the whole GCAP-2 protein, a Gibbs free energy of ∼-40 kJ/mol results in ∼90% bound peptide. Routinely, we determined the fraction of DMPC-bound peptide in a centrifugation assay. Typically, about 75% of GCAP-2 was membrane bound under the conditions used in our experiments (data not shown). In good agreement with this crude thermodynamic estimation, the myristoyl moiety is inserted into the membrane and the Gibbs free energy of this insertion can fully explain the peptide binding to the membrane. This may also suggest that the hydrophobic residues Phe 4 and Trp 6 are not permanently membrane inserted, which also agrees with the high mobility we found for Phe 4 . Therefore, the myristoyl moiety should play an important role in membrane binding at least for the peptide.
Clearly, the biophysical data of the current and a previous study [33] show that the myristoylation of GCAP-2 is inserted into the membrane. This would agree with the function of that chain as a membrane anchor. Interestingly, former biochemical and biophysical studies have shown that the myristoyl moiety is important for the activation of the GC, but is not essential for membrane binding [16] , which would support a model, where the myristic acid chain switches between a membrane and a protein imbedded state ("switch model"). At this point, it must remain open if the myristoylation of GCAP-2 may be extracted from the membrane to play a role in the activation of the GC. Clearly, interaction studies of GCAP-2 with the GC will shed light on this important issue but our work suggests that the myristoylation of GCAP-2 represents an essential contribution of the membrane binding energy of the protein. It is also possible, that the myristoyl moiety of GCAP-2 may direct the protein to the right membrane compartment. Clearly, interaction studies between GCAP proteins and peptides with the GC or segments of this protein are necessary to fully understand the role of the myristoyl moiety of the GCAPs. These studies represent the next steps in our activity in this field.
